Imbalances in lipid metabolism affect bone homeostasis, altering bone mass and quality. A link between bone mass and high-density lipoprotein (HDL) has been proposed. Indeed, it has been recently shown that absence of the HDL receptor scavenger receptor class B type I (SR-B1) causes dense bone mediated by increased adrenocorticotropic hormone (ACTH). In the present study we aimed at further expanding the current knowledge as regards the fascinating bone-HDL connection studying bone turnover in apoA-1-deficient mice. Interestingly, we found that bone mass was greatly reduced in the apoA-1-deficient mice compared with their wild-type counterparts. More specifically, static and dynamic histomorphometry showed that the reduced bone mass in apoA-1 − / − mice reflect decreased bone formation. Biochemical composition and biomechanical properties of ApoA-1 − / − femora were significantly impaired. Mesenchymal stem cell (MSC) differentiation from the apoA-1 − / − mice showed reduced osteoblasts, and increased adipocytes, relative to wild type, in identical differentiation conditions. This suggests a shift in MSC subtypes toward adipocyte precursors, a result that is in line with our finding of increased bone marrow adiposity in apoA-1 − / − mouse femora. Notably, osteoclast differentiation in vitro and osteoclast surface in vivo were unaffected in the knock-out mice. In whole bone marrow, PPARγ was greatly increased, consistent with increased adipocytes and committed precursors. Further, in the apoA-1 − / − mice marrow, CXCL12 and ANXA2 levels were significantly decreased, whereas CXCR4 were increased, consistent with reduced signaling in a pathway that supports MSC homing and osteoblast generation. In keeping, in the apoA-1 − / − animals the osteoblast-related factors Runx2, osterix, and Col1a1 were also decreased. The apoA-1 − / − phenotype also included augmented CEPBa levels, suggesting complex changes in growth and differentiation that deserve further investigation. We conclude that the apoA-1 deficiency generates changes in the bone cell precursor population that increase adipoblast, and decrease osteoblast production resulting in reduced bone mass and impaired bone quality in mice.
Laboratory Investigation (2016) 96, 763-772; doi:10.1038/labinvest.2016.51; published online 18 April 2016 Osteoporosis is characterized by low bone mass and microarchitectural deterioration of bone, resulting in bone fragility and fracture susceptibility. 1, 2 It is a major public health problem worldwide; indeed, in the United States, more than 44 million people have osteoporosis or low bone mass. 3 The pathogenesis of osteoporosis is multifactorial. Age, sex, body size, metabolic factors, and genetic susceptibility are contributory factors. Interestingly, several studies have shown that there are strong links between bone, fat metabolism, and systemic energy metabolism, and that perturbations in lipid regulatory pathways may trigger both local and systemic phenomena that ultimately affect osteoblast and/or osteoclast function, resulting in osteoporosis. [4] [5] [6] [7] [8] [9] [10] [11] It is wellknown that mesenchymal stem cells (MSC) have the capacity to differentiate toward lipoblasts or osteoblasts and that differentiation of MSCs to one lineage suppresses the other. The fate of MSC depends upon the activation of specific signaling transduction pathways, namely peroxisome proliferator-activated receptor-γ (PPAR-γ), bone morphogenetic proteins (BMPs), and the Wnt signaling pathway that differentially regulates adipogenic or osteogenic differentiation. 9 Several workers have studied the implication of several lipid and lipoprotein regulators in the pathobiology of osteoporosis. In this vein it has been recently documented that apolipoprotein E is a regulator of bone mass and turnover, both in vitro and in vivo. [12] [13] [14] Moreover, epidemiological data propose that low levels of high-density lipoprotein cholesterol (HDL-C) are linked to osteoporosis; 15 nevertheless, the mechanism that underlines this association is still unclear. Further adding to the complexity of bone-fat connection, it has been recently shown that a defect in the HDL receptor scavenger receptor class B type I (SR-B1) causes osteosclerosis, but by an unrelated mechanism, traced to HDL cholesterol delivery for cortisol production in the adrenal with consequent increases in adrenocorticotropic hormone (ACTH) that compensate and normalize cortisol, rather than a direct effect on bone production. 16, 17 ACTH is, in turn, an osteoblast growth factor and inducer of vascular endothelial growth factor in bone. 18 The production of HDL requires the major cholesterol binding protein, apolipoprotein A-1 (ApoA-1), a lipid transporter, ATP-binding cassette 1 and the plasma enzyme lecithin:cholesterol acyl tranferase (LCAT). A second apolipoprotein, ApoA-2, is normally about 20% of the lipoprotein component. ApoA-1, is a 243-amino acid protein, which is synthesized mainly in the liver and intestine. Through a series of intermediate steps, minimally lipidated apoA-1 forms discoidal HDL particles, is converted to spherical particles by LCAT, and is eventually cleared via SR-B1. [19] [20] [21] ApoA-1 is critical for the formation and final size of the HDL particles. 22 Our research group has studied the role of HDL metabolic pathway in the pathogenesis of several diseases including osteoarthritis. [23] [24] [25] In fact, we have recently shown that apoA-1-and LCAT-deficient mice develop osteoarthritis when stressed with high-fat diet. 25 Triggered by the current knowledge and our research data in the present study we examined whether apoA-1 deficiency, and thus severely impaired HDL synthesis, affects the differentiation of bone marrow MSC in vitro and/or bone quality in vivo. Interestingly, we uncovered that the ApoA-1-deficient mice are severely osteoporotic with a complex phenotype that implicates HDL as a requirement for normal cell-fate selection in MSC in bone.
MATERIALS AND METHODS Experimental Animal Models
Male 12-week-old ApoA-1-deficient male mice (ApoA-1 − / − ), backcrossed on C57BL/6 10 generations, and wild-type C57BL/6 (WT) mice (Jackson Labs, Bar Harbor, ME, USA) were maintained on standard chow diet, 29% protein, 60% carbohydrates, 11% fat (Mucedola SRL, Milan Italy), ad libitum in a 12 h dark/light cycle (0700 hours to 1900 hours light). Animals were genotyped by tail DNA PCR. Groups of mice had similar average body weight, plasma cholesterol, triglycerides, and glucose. Mice were caged individually. At 12 weeks, mice were killed and lumbar vertebrae and femora were collected for analyses in accord with published standards. 26 Animal studies were conducted according to the EU guidelines for the Protection and Welfare of Animals. The estimated sample size was determined by power analysis, using the tool (http://www.stat.ubc.ca/~rollin/stats/ssize/n2. html). All animal studies were performed at least three times. Replicates refer to independent biological data points. No data were excluded. The work was authorized by the committee of the Laboratory Animal Center of The University of Patras Medical School and the Veterinary Authority of the Prefecture of Western Greece.
Static and Dynamic Histomorphometry
Seven and 2 days before killing, mice were injected calcein (25 μg/g), intra-peritoneally. For histology and microcomputed tomography, specimens were analyzed in a randomized and blinded fashion. Briefly, femora and lumbar vertebrae were fixed in 4% formalin overnight at 4°C and stored at 70% ethanol at − 20°C until used. Fixed samples were studied by micro-CT Scanner (VivaCT40, Scanco Medical AG). For dynamic histomorphometry, undecalcified frozen bone tissues were sectioned at 4 μm on a Microm HM 505E cryostat using tape transfer (CryoJane Instrumetics, St. Luis, MO, USA). In vivo osteoblast and osteoclast parameters were generated from frozen sections of decalcified femora. Fluorochrome measurements used a Nikon TE2000 inverted phase- §fluorescence microscope with a 12 bit 1600 × 1200 pixel CCD (Spot, Sterling Heights, MI, USA). Tartrate-resistant acid phosphatase (TRAP) activity was visualized using 0.01% naphthol phosphate substrate (Sigma, St Louis, MO, USA) in N-N-dimethylformamide (Sigma) followed by the addition of 5 mg/ml fast red violet in 50 mM sodium tartrate and 90 mM sodium acetate at pH 5.0. Histological studies were performed by observers blinded to groups. Measurements used published standards. 26 
MSC Isolation and Osteoclast Differentiation
For MSC preparation and differentiation, femora were removed and whole bone marrow cells were flushed with RPMI-1640 plus 10% FBS (Gibco, Grand Island, NY, USA) and plated at 2 × 10 5 /cm 2 at 37°C, in α-MEM, 10% FBS and antibiotics (Gibco). At 48 h, non-adherent cells were removed; adherent cells were cultured in in the same medium for expansion. Media were changed every 3 days. Cultures were passaged at 80% confluence and replated at 5 × 10 5 cells/ cm 2 . For differentiation used special media for 21 days. Adipogenic medium was growth medium plus 10 μg/ml insulin, 0.5 mM isobutylmethylxanthine, 10 nM dexamethasone, 0.2 mM indomethacin, 10 μM rosiglitazone, and 0.2 nM L-triiodothyronine. Osteogenic medium was growth medium with L-ascorbic acid, 50 μg/ml, 100 mM β-glycerolphosphate, and 10 nM dexamethasone (Sigma). The media were replaced every 3 days. Alkaline phosphatase (ALP) activity used 0.05% Napthol AS-MX phosphate substrate in 2.8% N,N-dimethyl formamide and 0.1 M Tris maleate, pH 8.4 with 0.1% fast blue to visualize the product (Sigma). Mineral was visualized in 1% silver nitrate exposed to strong light (von Kossa).
Adipocytes were stained using 0.2% Oil Red O in 60% isopropanol. Digital images of different areas of each dish were obtained (original magnification × 10) and imported into Image J (Java-based image processing program, NIH) for densitometry analysis.
For osteoclast differentiation, 2 × 10 5 cells/cm 2 bone marrow cells were cultured with α-MEM, 10% FBS with 30 ng/ml murine M-CSF (R&D Systems, Abingdon UK) and 10 ng/ml murine RANKL (PeproTech, Rocky Hill, NJ, USA) for 14 days.
Bone Quality Studies
Bone quality studies included Raman spectra, acquired focusing a 785 nm laser through an objective lens (×20) onto femora using an inVia Raman microscope (Renishaw, UK). Raman emission from 700 to 1800 per cm was scanned. Spectra were collected from the periosteal surface of the entire diaphysis. The amide I (1590-1710 per cm) region in the spectrum was isolated for further analysis. Sub-bands were derived by the second-derivative method. Deconvolution and curve fitting of the sub-bands to unconstrained GaussianLorentzian profiles used Peakfit 4.0 (Jandel, San Rafael, CA, USA). The ratio of 1668:1690 per cm was calculated to evaluate the cross-linking and quality of collagen. 27 Threepoint bending was done with a MiniMat2000 (Rheometric Scientific, Piscataway NJ, USA) with a 12 mm distance between supports. Load-deformation curves and maximal load recorded at a 2 mm/min bending rate. Hue, saturation, and intensity threshold mapping was used to quantify adipocyte and non-adipocyte areas in cross paraffin sections of mice femora (Fovea Pro, Reindeer Graphics, Ashville, NC, USA).
In vitro Studies
For Western blots, MSCs were lysed in 0.1% SDS, 1% octylphenoxypolyethoxyethanol, 1% sodium deoxycholate, 150 mM NaCl, 0.5 mM EDTA, and 10 mM Tris, pH 7.5 with a proteinase and phosphatase inhibitors (Sigma). Blot was probed using PPARγ antibody sc7273, a mouse monoclonal specific to amino acids 480-505 at the C-terminus (Santa Cruz, Santa Cruz, CA, USA) or RUNX2 antibody sc10758, a rabbit polyclonal IgG raised to amino acids 294-363, an internal site in the protein (Santa Cruz). Incubation was 1 h at room temperature and then 1 h with secondary antibody RNA extraction, reverse transcription, and PCR were essentially as reported. 16 The threshold amplification cycles was converted to relative expression as previously described. 16 Specificity of the products was confirmed by agarose electrophoresis. Primer sets are shown in Supplementary  Table S2 .
All in vitro experiments were repeated three times.
Blood Analyses
Serum was separated by centrifugation of clotted blood. ACTH and cortisol were assayed on the Immulite 2000 (Siemens USA Healthcare, Malvern, PA, USA) using clinical assay standards and procedures.
Statistical Analyses
Statistical comparisons used Student's t-test. Data are shown as mean ± standard deviation (mean ± s.d.). Differences were considered significant at P ≤ 0.05. All analyses were performed using GraphPad Prism (version 5.03, GraphPad Software, San Diego, CA, USA).
RESULTS

Apoa-1 Deficiency Results in Reduced Bone Mass
Changes in bone density were measured by micro-computed tomography of mice lumbar vertebral bodies, which consist primarily of trabecular bone. Bone volume by all measures, including trabecular thickness, was markedly and significantly decreased, by a factor of about 3, in the apoA-1-deficient mice compared with their control littermates. The appearance of the vertebrae on μCT is shown ( Figure 1a ) and major static parameters (Figure 1b) . Dynamic histomorphometry on decalcified sections from lumbar vertebrae showed that apoA-1-deficient mice displayed significantly decreased calcein-labeled, and double-labeled surfaces, as well as significantly reduced bone formation rate; calcein interlabel distance was similar between the two groups ( Figures 1c and d) ; comprehensive parameters are given in Supplementary Table  S1 . ApoA-1 deficiency did not affect osteoclastic function; the presence of osteoclasts per bone area as determined by TRAP labeling was similar between the two groups (Figures 1c and d) . Biochemical composition and bone strength were also studied. Raman spectroscopy showed the amide I envelope, corresponding to collagen secondary structure, was altered in the knock-out compared with the WT mice. Specifically, there was a change in the ratio of the sub-band area ratio 1668:1690 per cm, which reflects non-reducible/reducible collagen crosslinks, 27 with a substantial and significant decrease, about 30%, of crosslinked collagen in the knock-out mice (Figure 2a ; P = 0.04). This reflects a decrease in to mature crosslinks in the knock out mice, which might have a serious impact on bone mechanics. A similar~30% reduction of collagen cross-linking was reported by Liu et al. 28 for NHERF-1 − / − relative to WT mice. To examine further how changes in collagen crosslinks reflect alterations in bone strength we tested the biomechanical properties of femora by three-point bending. Maximum load to fracture was reduced by 30% but not significantly due to variability (P = 0.52), bending strength decreased 40% with a trend, but not reaching significance (P = 0.1); modulus of elasticity was reduced 60%, in keeping with reduced crosslinks, and this was significant (P = 0.02; Figure 2b , (A-C)). Related findings included that, in addition to less trabecular bone, bones from apoA-1 − / − mice had significantly increased bone marrow adipocytes in comparison with their WT counterparts ( Figure 2c ). This very interesting finding might point to a shift of MSC toward lipoblastic differentiation, and might be responsible for the reduced osteoblastic function observed in the apoA-1 − / − mice. No differences in height were observed between the tested mouse groups.
HDL Receptor Effects, ACTH and Cortisol Production
As apoA-1-deficient mice have severely reduced HDL levels, we determined whether apoA-1 deficiency is associated with changes at the expression level of scarb1 gene that codes for SR-B1 the main HDL receptor. ApoA-1-null mice had twofold elevated Scarb1 mRNA levels, (Figure 3a ). To test Note that the calcein-labeled surface, double labels, and bone formation rate were greatly decreased in the apoA-1 compared with the WT mice. In contrast, calcein labeling interval and osteoclast (TRAP) surface per total bone surface were similar between the examined groups.
Role of ApoA-1 in osteoblast and lipoblast regulation HC Blair et al whether the effect of apoA-1 deficiency on bones is related to cortisol production we assessed the ACTH, cortisol and ACTH-to-cortisol ratio in plasma from apoA-1 − / − and control mice. All of these were unchanged between the apoA-1-null and the WT mice (Figure 3b ).
ApoA-1 Deficiency Modifies MSC but not Osteoclast Differentiation, In vitro Our morphological and biomechanical experiments suggest that the reduced bone formation observed in the apoA-1-deficient mice most probably originates from an intrinsic defect of MSC to differentiate toward osteoblasts. To test this hypothesis we obtained MSC from the bone marrow of apoA-1 − / − and WT mice and cultured them in osteogenic medium for 21 days (see the 'Methods' section). The conditions were identical, and included 10% fetal bovine serum with normal lipoproteins. We observed greatly reduced ALP and bone mineral nodules (von Kossa) in MSC isolates from the apoA-1 − / − mice compared with the controls (P = 0.04 and P = 0.009, respectively; Figures 4a and b) . Role of ApoA-1 in osteoblast and lipoblast regulation HC Blair et al
In stark contrast, Oil Red O stain revealed that the adipogenic capacity was prominent in the MSC from apoA-1 − / − mice (P = 0.001), supporting a positive effect of apoA-1 deficiency on bone marrow fat formation (Figure 4c) .
Consistent with normal TRAP area in apoA-1-deficient animals, osteoclast differentiation in vitro was unaffected by the knockout. Marrow cells from WT and apoA-1-deficient mice were cultured in M-CSF and RANKL to induce osteoclast differentiation. TRAP activity at day 14 was indistinguishable between the two groups (Figure 4d ). 29 Expression of mRNAs for TRAP (Acp5 gene), cathepsin K (Ctsk), and RANK (Tnfrsf11a), key osteoclast features, were not significantly different in WT and apoA-1 KO mice (Figure 4e) . In aggregate these data show that apoA-1 deficiency suppresses differentiation of bone-forming osteoblasts, but has no significant effect on differentiation of bone resorbing osteoclasts.
Analysis of Cell Signals Related to MSC Differentiation
Pathway analysis of marrow cell mRNAs and proteins were then done, including key targets relating to MSC maintenance Role of ApoA-1 in osteoblast and lipoblast regulation HC Blair et al and differentiation. Main findings are shown in Figure 5 . For additional studies not contributory to main mechanisms see Supplementary Table S3 . In the marrow of apoA-1 − / − mice CXC chemokine ligand 12 (CXCL12) mRNA decreased threefold and CXC Receptor 4 (CXCR4) increased threefold, consistent with reduced signaling in a pathway that supports MSC homing and osteoblast generation (Figure 5a ). The chemokine CXCL12 is regulated, in part by AnnexinA2, 30 the mRNA of which was decreased significantly in the KO. Consistent with increased committed adipoblasts in the overall MSC pool, PPAR-γ mRNA was greatly increased, reflecting increased adipocytes and committed precursors (Figure 5a ). In symphony with decreased committed osteoblasts in the MSC pool, in apoA-1 − / − animals, RUNX2, and collagen type 1a mRNA were decreased. The apoA-1 − / − phenotype included increased CCAAT/enhancer-binding protein α (CEPBA) mRNA, which interacts with important cell proliferation and differentiation signals, and involvement in increased adipocyte differentiation. 31 The intermediate protein NHERF-1 increased significantly and approximately twofold in the apoA-1 − / − marrow. This was unexpected since, in osteoblasts, NHERF-1 regulates mineral accumulation and its absence is another factor that promotes adipogenesis. 28 Because PPAR-γ and RUNX2 are of central importance in adipocyte and osteoblast differentiation, respectively, the PCR results were confirmed by Western blotting and flow cytometric analysis (Figures 5b and c) . Additional assays with interesting results but unclear meaning included analysis for ALP and apoA-2 in apoA-1 − / − and WT marrow cells (Supplementary Table S3 ). ALP is a key enzyme in matrix production, and showed a trend to decreased expression in keeping with the result of decreased type I collagen mRNA, apoA-2, the second most abundant HDL lipoprotein, normally is~25% of the ApoA-1 concentration. ApoA-2 mRNA was almost twice as abundant in the knock-out mouse as in the WT, and showed a trend, but not significance due to variability.
DISCUSSION
In the present study we explored the effect of apoA-1 deficiency on bone in mice. Static histomorphometry revealed that the apoA-1-deficient mice have greatly reduced bone mass compared with the WT. This finding is in concert with the epidemiological studies linking reduced HDL with osteoporosis in humans. 15 Dynamic histomorphometry demonstrated that apoA-1 − / − mice had significantly reduced bone formation rate in comparison with their WT counterparts, but the osteoclast TRAP surface was unchanged. The reduction on bone mass in the KO mice was associated with altered biochemical composition and biomechanical properties. More specifically, Raman analysis indicated reduced collagen cross-linking and impaired mineralization that also occur senile osteoporosis and osteogenesis imperfecta. Bone elasticity was significantly reduced, in keeping with the collagen and mineral defects. Impaired bone quality can reflect reduced bone formation or augmented bone degradation.
It is well-established that SR-BI, is a high-affinity HDL receptor that mediates selective uptake of HDL-CE (HDLderived cholesteryl ester) both in vitro and in vivo. Given that apoA-1 is a cardinal component of HDL biogenesis, in the present study we looked carefully for effects related to the SR-B1 high-affinity HDL receptor (Scarb1) in apoA-1-deficient mice. In Scarb1 knock-out mice, the adrenals are unable to derive normal amounts of cholesterol for steroid synthesis from HDL, and consequently have very high ACTH but normal cortisol due to feedback regulation. 16, 17 Here, the apoA-1-null mice had twofold elevated Scarb1 mRNA. This might represent a feedback induction of Scarb1 due to altered cholesterol transporter(s)-related promoter activity, which if so, is a novel phenomenon; however, further work will be needed to substantiate this hypothesis. On the other hand, careful controls for ACTH and glucocorticoids in plasma from apoA-1 − / − and control mice showed entirely normal profiles, indicating that the low levels of HDL still allowed the adrenals to function in Scarb1 competent animals. Thus, differences in ACTH would not support bone formation and interfere with the apoA-1 knock-out effect. ApoA-2 is the second most abundant protein HDL protein in vertebrates, facilitating cholesterol efflux, and has been shown to increase in the absence of apoA-1; 32 apoA-2 is involved in metabolic functions including plasma HDL maintenance, insulin resistance, and weight gain. That apoA-2 is retained may be reflected in the normal ACTH, and may affect the bone phenotype in undetermined ways. Our data, nevertheless, highlight the impact of cholesterol metabolic pathways on bone function. 4,13 However, we found no effect on genes that directly regulate cholesterol synthesis and modification, namely Ggps, Fdps, Hmgcr, and Cpt1a. Notably, in apoA-1 − / − cells, expression of apoA-2 was twice that seen in WT cells. This finding is in line with other studies 32 and possibly reflects an adaptation to loss of apoA-1.
Further to investigate effects of apoA-1 deficiency in bone, we studied the differentiation of MSC from apoA-1 − / − and WT animals. MSC cultured in identical conditions including fetal bovine serum with normal lipoproteins, surprisingly, showed greatly reduced ALP and bone mineral nodules in MSC isolates from the apoA-1 − / − mice. In contrast, adipogenic capacity was more prominent in MSC from apoA-1 − / − mice, compared with the WT ones. These results suggest strongly that sub-populations of MSC are altered in the apoA-1-deficient animals and are in symphony with the recent concept, supported by the in vivo MSC fluorescent labeling that there are populations of MSC with differing probability of forming various types of cells, and that these populations are dynamically regulated. 33, 34 In parallel, decreased committed osteoblasts in the MSC pool in apoA-Ι − / − animals displayed a remarkable reduction of RUNX2 and collagen type 1a mRNAs. Not surprisingly, other osteoblast product mRNAs, such as osterix and osteocalcin were decreased, even though they did not reach the level of statistical significance. On the other hand, osteoclasts are derived from hematological precursors in different pools, and did not vary between the apoA-1 − / − and WT animals. Another interesting finding of the present study was that the number of bone marrow adipocytes was significantly elevated in the apoA-1-deficient in comparison with the WT mice. Consistent with increased committed adipoblasts in the overall MSC pool, PPAR-γ mRNA and protein were greatly increased in the KO mice. PPAR-γ is a key intermediate downstream of CEPBA in a cascade that regulates adipocyte production, 35 even though CEPBA also mediates other differentiation and proliferation effects. This may explain, at least in part, our notable and rather unexpected finding that CEPBA was increased in the apoA-1 − / − cells. General MSC markers protein tyrosine phosphatase receptor C and stem cell antigen-1 were unaltered (Supplementary Table S3 ), in keeping with similar total stem cell populations in the knockout and WT, further supporting our hypothesis that pools with predilection to differentiate one way or the other indeed change. 36 which is required for normal osteoblast function and in its absence adipocyte differentiation increases. 28 Hence, our finding might reflect that NHERF-1 is important in osteoblast terminal differentiation and its absence promotes adipocyte alternate differentiation, whereas when apoA-1 is present and osteoblast differentiation is disfavored, NHERF-1 might increase in partial compensation. Other late osteoblast mineralization genes the sodium/hydrogen exchangers NHE1 and 6, were invariant but markedly reduced in the NHERF-1-deficient animal. Thus, the increase in NHERF-1 is interesting but does not have consequences reciprocal to those of NHERF-1 knockout.
Another finding of our study is that CXCL12 mRNA was strongly suppressed in apoA-1 − / − animals; on the contrary, the mRNA for its receptor, CXCR4, was significantly elevated. The CXCL12/CXCR4 axis is cardinal in MSC homing and bone synthesis and Cxcr4 deletion perturbs osteoblastogenesis and bone development. [37] [38] [39] Therefore, our data most probably suggest that apoA-1 deficiency reduces the function of CXCL12/CXCR4 signaling axis with possible feedback compensation, firing the shift from osteoblast to adipocyte production. The chemokine CXCL12 is established to be regulated, in other marrow contexts, by ANXA2. 30 Notably, in the present study we uncovered that ANXA2 levels were significantly suppressed in the bone marrow of the apoA-1 KO mice further supporting our hypothesis that apoA-1 deficiency affects the CXCL12/CXCR4 signaling.
Collectively, in the present study we show for the first time that apoA-1, and probably HDL, has a central role in regulation of bone remodeling and maintenance of bone quality. This is reflected by impaired osteoblast function and reduced bone synthesis in apoA-Ι − / − animals. Osteoclast differentiation seems to be unaffected. ApoA-1 deficiency reduces the capacity of MSC to differentiate toward osteoblasts but promotes adipogenesis. The molecular mechanisms that underline these phenomena are largely unknown and warrant further investigation. However, our data provide evidence that disturbed ANXA2-CLCX12-CXCR4 interactions, at least in part, link apoA-1 deficiency and abnormal bone quantity and quality in mice. In summary, our data indicate that apoA-1 is required for normal bone cell differentiation, with the mechanism, at least in part, balancing MSC populations and adipocyte or osteoblast precursor pools. Figure 5 Secondary effects of apoA-1 deficiency on bone and MSC development. All graphs indicate mean ± s.d. (a) Quantitative analysis of mRNAs important in MSC, adipocyte, and osteoblast differentiation. All studies here had n = 4 for both ApoA-1 − / − and wild-type mRNA isolates. The mRNA levels of Cxcl12, Cxcr4, Anxa2, another regulator of stem cell homing to the osteoblast niche, were significantly reduced in the ApoA-1 − / − animal relative to the wild-type. The osteoblast-specific genes Runx2 and type I collagen Col1a1, were significantly reduced in bone marrow cells from null mice. Runx2 increased o25%, and this is particularly important, so this was studied at the protein level, (b and c) below panels. In contrast, mRNA expression of the Cxcl12 receptor, Cxcr4, was elevated 6.5-fold in apoA-1-deficient mice. The key nuclear receptor regulator of lipoblast differentiation, PPARγ was augmented significantly, but only 20% at the mRNA level in the apoA-1-deficient as compared with the wild-type C57BL/6 mice; this important receptor was also studied at the protein level (b and c, below panels). Two more noteworthy findings were that the CCAAT/enhancer-binding protein-α, cebpa was increased fourfold in the apoA-1-deficient mice; cebpa upregulation is a feature of osteoporosis in other contexts including glucocorticoid exposure. A surprising finding was a large increase in Slc9a3r1, the sodium-hydrogen exchange regulatory factor-1, which is expressed in osteoblasts during the mineral accumulation phase. (b) Expression of the important genes Pparγ and RunX2, significantly but moderately increased and decreased, respectively, at the mRNA level, was studied by Western blotting. Examples of blots and actin reblots are shown on the left, with densitometry summarizing six wildtype and nine control lysates all normalized to actin on the right. These studies showed that Pparγ increased 35%, and Runx2 decreased by half, in the apoA-1 − / − animals relative to the WT. (c) Expression of the important genes Pparγ and Runx2 was confirmed using flow cytometric detection of the proteins. On the left are shown histograms of count and intensity. On the right are summaries of quantitative data on mean PPARγ and Runx2 antibody labeling from five isolates of each genotype in PPARγ, or six WT and nine knock-out mice for Runx2. In parallel with our previous findings the protein levels of Runx2 were significantly reduced, while the protein levels of PPARγ were greatly elevated in the apoA-1 KO as compared with the WT mice.
